Introduction
In humans, mutations in the TNFRSF13B gene that encodes transmembrane activator and CAML Interactor (TACI) is thought to be the cause of 7-21% of cases of Common Variable Immunodeficiency (CVID), the primary immunodeficiency most commonly encountered in clinical practice. CVID is a heterogeneous syndrome caused by antibody deficiency manifested in late childhood or early to mid-adulthood. CVID patients often present with recurrent infections of the respiratory tract owing to encapsulated organisms such as Streptococcus pneumoniae and Haemophilus influenzae or Mycoplasma 1 . Paradoxically, some CVID patients develop autoimmune diseases, the most common of which are hemolytic anemia and autoimmune thrombocytopenic purpura. CVID patients are at a high risk to develop neoplasms, primarily lymphomas
2
. How TACI deficiency results in antibody deficiencies on the one hand, and lymphoproliferation, autoimmunity and malignancy on the other, is not understood.
Animal models of TACI deficiency have replicated some of the features of CVID associated with TNFRSF13B mutations in human subjects. Thus von Bulow et al. 3 found that TACIdeficient animals had severely decreased antibody responses to polysaccharides and enlarged spleens owing to the increased number of B cells, but they did not observe defective antibody response to protein antigens, autoimmune manifestations or malignancies. Yan et al. 4 also found in independently generated TACI-deficient mice, expansion of the mature B cell compartment, including follicular, marginal zone and transitional B cells, causing enlarged B cell follicle areas and deficient antibody responses to T-independent type II antigens. In a follow-up study of aging TACI-deficient mice, Seshasayee et al. 5 reported lymphomas, lymphocytic
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To reconcile opposite manifestations of TACI deficiency, lymphoproliferation, autoimmunity, and hypogammaglobulinemia, we 6 proposed that TACI has dual functions, promoting B cell differentiation on the one hand, and on the other limiting proliferation and thus decreasing the risk of autoimmunity and cancer. In this manuscript we identify the molecular mechanisms responsible.
Whether or not TACI promotes antibody secretion by enhancing plasma cell differentiation has been the subject of controversy. We 6 found that lack of TACI on B cells impaired antibody production in response to polysaccharides or LPS owing to a defect in differentiation of antibody secreting cells. Ozcan and colleagues 7 showed that "A Proliferation Inducing Ligand" (APRIL)
synergized with LPS in promoting plasma cell differentiation and Castigli et al. 8 showed that APRIL stimulated immunoglobulin production induced by anti-CD40 and anti-IL4 by engaging 
Materials and Methods

Mice and immunizations:
C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Quasimonoclonal-(QM) TACI-wt and QM-TACI-ko mice were previously described 6,10,11 . Mice were housed in a specific pathogen-free facility at the University of Michigan. 
Immunohistochemistry:
Peyer's patches removed from mice were covered with OCT (Sakura, Torrance, CA), immediately frozen in liquid nitrogen and stored at -80°C. Five-micron-thick sections were mounted on positively charged microscope slides (Fisher Scientific, Pittsburgh, PA). Sections were air-dried for 30 minutes at room temperature, fixed with acetone for 10 minutes at -20°C and air-dried for 10 minutes at room temperature. The specimens were pretreated with 0.3% hydrogen peroxide to quench the endogenous peroxidase activity, goat anti-rat IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) followed by development using figure 1B shows, that TACI deficiency severely blunts NP-specific IgM production in response to immunization. In contrast, TACI deficiency hastens the kinetics of NP-specific IgG production yielding 2.2 fold more IgG than wild type mice 21 days after immunization (TACI-ko mice had 800 ± 127 μg/ml IgG and TACI-wt mice had 1708 ± 198 μg/ml IgG, p=0.0051, figure   1C ). However, the increase in the concentration of IgG in sera of TACI-deficient mice was transient, since by 35 days after immunization these animals had significantly less NP-specific IgG (830.6 μg/ml, on average), compared to wild type mice (1329 μg/ml, on average). These results suggested that in contrast to previously published reports 8 TACI deficiency does not impair early isotype class switched antibody responses to proteins. Instead TACI deficiency impairs sustained IgG responses following immunization.
Results
TACI is necessary
To uncover the specific mechanism by which TACI promotes IgM antibody production and to avoid biases owing to variability in the frequency of antigen-specific B cells we took advantage of a mouse model engineered to increase the representation of a single B cell clone in the B cell repertoire. In quasi-monoclonal (QM) mice, 80% of the peripheral B cells express an antibody that recognizes the hapten (4-hydroxy-3-nitrophenyl) acetyl (NP) 10 . In non-immunized QM mice there is very little NP-specific IgM (less than 50 μg/ml) and NP-specific IgG is undetectable
10,14
. This fact makes the QM mouse an ideal model to follow the development of NP-specific B cells in response to immunization. We immunized TACI-proficient QM mice (QM-TACI-wt) or TACI-deficient QM mice (QM-TACI-ko) with NP-OVA, as described above.
At the peak of the primary antibody response, 21 days post-immunization, QM-TACI-ko mice had only 12% of the concentration of serum NP-specific IgM compared to wild type mice (12.8 μg/ml, on average, in QM-TACI-ko mice and 106.6 µg/ml, on average, in wild type) ( figure 1D ).
As in mice with wild type B cell repertoire, TACI deficiency in QM mice accelerated early NPspecific IgG production. By 21 days after immunization, QM-TACI-ko mice had 253.4 μg/ml NP-specific IgG1 while QM-TACI-wt mice had 152.7 µg/ml NP-specific IgG1 in sera ( figure   1E ). Thus TACI deficiency impairs the primary IgM response to protein antigens and enhances early IgG production.
TACI promotes differentiation of Ig secreting cells in response to protein antigens
Inability to form IgM could be caused by decreased frequency of antigen-specific B cells, QM-TACI-wt mice had on average 4 fold more antigen-specific IgM ASC (figure 3C) and at least 5 fold more IgG ASC (figure 3D) in the bone marrow than QM-TACI-ko mice. These results indicate that TACI is necessary for development or maintenance of long-lived antibody secreting cells.
TACI controls differentiation of Ig secreting cells in a B cell autonomous manner
Antibody response to proteins requires T cell help. Since, according to some studies 3 , activated T cells express TACI we wondered whether defective antibody secretion was due to TACI deficiency on B cells, TACI deficiency on T cells, or both. To answer that question we 
